Abstract WNT and bone morphogenetic protein (BMP) signaling are known to stimulate hemogenesis from pluripotent embryonic stem (ES) cells. However, osteochondrogenic mesoderm was generated effectively when BMP signaling is kept to a low level, while WNT signaling was strongly activated. When mesoderm specification from ES cells was exogenous factor dependent, WNT3a addition supported the generation of cardiomyogenic cells expressing lateral plate/extraembryonic mesoderm genes, and this process involved endogenous BMP activities. Exogenous BMP4 showed a similar effect that depended on endogenous WNT activities. However, neither factor induced robust chondrogenic activity. In support, ES cell differentiation in the presence of either WNT3a or BMP4 was associated with elevated levels of both Bmp and Wnt mRNAs, which appeared to provide sufficient levels of active BMPs and WNTs to promote the nonchondrogenic mesoderm specification. The osteochondrogenic mesoderm expressed PDGFRα, which also expressed genes that mark somite and rostral presomitic mesoderm. A strong WNT signaling was required for generating the mesodermal progeny, while approximately 50-to 100-fold lower concentration of WNT3a was sufficient for specifying axial mes(end)oderm. Thus, depending on the dose and cofactor (BMP), WNT signaling stimulates the generation of different biological activities and specification of different types of mesodermal progeny from ES cells.
Introduction
Chondrogenesis occurs primarily during embryogenesis. Chondrocyte precursors arise from particular mesoderm and the neural crest. For example, sclerotome, responsible for the genesis of axial skeleton, is derived from somite, epithelialized paraxial mesoderm that marks a distromedial region of the mouse embryo. The limb bud mesenchyme responsible for appendicular skeletogenesis is derived from somatopleura, a dorsal part of lateral plate mesoderm that marks the proximolateral region of the mouse embryo. Pluripotent embryonic stem (ES) cells have been shown to give rise to many mesodermal derivatives, such as cartilage, bone, muscle, and blood cells (Doetschman et al., 1985; Robertson, 1987) . We have previously demonstrated that ES cell progeny form hyaline cartilage particles when isolated and pellet-cultured in the presence of both platelet-derived growth factor (PDGF) and transforming growth factor-β (TGFβ), with the subsequent removal of TGFβ (Nakayama et al., 2003) . In particular, progeny expressing the PDGF receptor alpha chain (PDGFRα), but not the vascular endothelial growth factor (VEGF) receptor-2 (FLK1), i.e., FLK1 -PDGFRα + (F -P + ) cells, generate cartilage nodules even when TGFβ is absent at all times.
In vitro differentiation seems to follow early embryogenic events (Keller, 2005; Nishikawa et al., 2007) . Generation of a particular mesodermal progeny from ES cells is therefore determined by the expression of embryonic stage-, location-, and lineage-restricted cell surface markers and genes, and the representative biological activities. ES cells readily give rise to progeny expressing N-cadherin (CDH2) (Honda et al., 2006) , PDGFRα, and/or FLK1 (Nakayama et al., 2003; Nishikawa et al., 1998a) . Early in mouse embryogenesis, Cdh2 is widely expressed in mesoderm (Radice et al., 1997) , and Flk1, which is essential for embryonic hematopoiesis and vasculogenesis, is expressed in proximolateral/extraembryonic mesoderm (Takakura et al., 1997) . Pdgfra is essential for the normal development of many mesodermal tissues, including the axial skeleton (Betsholtz et al., 2001) , and is expressed strongly in paraxial mesoderm (Takakura et al., 1997) . Consistently, F + and P + progeny contain cells specified to lateral plate mesoderm and paraxial mesoderm, respectively (Nishikawa et al., 1998a; Sakurai et al., 2006) . Therefore, the TGFβ-independent chondrogenic activity found in the F -P + cell fraction may be characteristic of somitic mesoderm and/or sclerotome. However, our preliminary transcriptome analysis indicated that the chondrogenic F -P + cells express characteristics of lateral plate and/or extraembryonic mesoderm, but not somitic mesoderm. To investigate the basis of the chondrogenic activity we have sought ways of directing ES cells to differentiate into particular types of mesodermal progeny.
The formation of mesodermal progenitors from primitive ectoderm (epiblast) and the later restriction of their developmental potentials are tightly regulated in vivo by the activities of several growth and differentiation factors such as Wnt proteins and members of the TGFβ superfamily: TGFβ, Activin, Nodal, and bone morphogenetic protein (BMP). To establish conditions that lead to preferential generation of particular mesodermal progeny, previous studies have examined the roles of these factors on ES cell differentiation (Nakayama et al., 2000 (Nakayama et al., , 2003 ; Lengerke et al., 2008; Nostro et al., 2008) . The early mesoderm marker gene, Brachyury (T), essential for somite formation (Rashbass et al., 1991) , is induced in response to BMP4 under serum-free conditions (Johansson and Wiles, 1995; Wiles and Johansson, 1999; Fehling et al., 2003) in accord with the crucial role of BMP4 and its receptor BMPR1A in gastrulation and subsequent mesoderm formation in vivo (Mishina et al., 1995; Winnier et al., 1995) . BMP4 is essential for the generation of blood cells (Nakayama et al., 2000) and allows the formation of bone and cartilage progenitors (Nakayama et al., 2003) from ES cells. Wnt proteins are also involved in mesoderm formation (Houston and Wylie, 2004) . For example, T expression is controlled by Wnts (Yamaguchi et al., 1999; Arnold et al., 2000) , Wnt3 is essential for the onset of gastrulation, needed for mesoderm formation (Liu et al., 1999) , and Wnt3a regulates the fate of dorsal mesoderm and is required later for the generation of all new embryonic mesoderm (Takada et al., 1994; Yoshikawa et al., 1997) . Consistently, canonical WNT signaling is essential for hemogenesis from ES cells, which is upregulated by overexpression of Wnt3 (Lindsley et al., 2006; Lako et al., 2001) .
Here, we address how WNTs and BMPs control the generation from ES cells of osteochondrogenic mesodermal progeny expressing characteristics of somitic mesoderm. We demonstrate that specification of lateral plate/extraembryonic mesoderm and paraxial mesoderm requires stronger WNT signaling than specification of mes(end)oderm, and that involvement of BMP signaling in this process restricts the type of specified mesoderm to lateral/extraembryonic mesoderm. Efficient chondrogenic mesoderm genesis correlates with somitic/rostral presomitic mesoderm specification, which is only achieved when BMP signaling is silenced. We also provide evidence for cross-feedback between the expression of Wnt and Bmp genes, such that addition of either WNTs or BMPs leads to differentiation involving both BMP and WNT signaling. BMP inhibitor therefore plays a critical role in the WNT3a-dependent generation of somitic mesoderm-like chondrogenic cells from ES cells.
Results
Somitic mesoderm is specified by endogenous WNT activity specifically in the presence of low or absent BMP signaling in Knockout Serum Replacement-based serum-free medium During ES cell differentiation in the presence of BMP4 in a Knockout Serum Replacement (KSR)-based serum-free medium, hemoangiogenic cells are identified by the expression of FLK1 and lack of PDGFRα (F + P -), while chondrogenic activity is present in F + P -and F -P + , and to a limited degree, in F + P + populations (Nakayama et al., 2003) . In the absence of BMP4 or the presence of the BMP inhibitor, Noggin (fused with IgG1-Fc, NOG), the genesis of F + P + and F + P -cells was hardly detectable, but F -P + progeny were generated at significant levels ( Fig. 1A ) and N-cadherin (CDH2 or N) (Fig. 1B) , and by the absence of E-cadherin (data not shown).
Involvement of WNT signaling in the genesis of such F + and/or P + mesodermal cells was demonstrated by addition of the WNT inhibitors, mouse Frizzled-8 extracellular domain (fused with IgG1-Fc, FZD, Fig. 1B ) and Dickkopf1 (DKK1) (data not shown). FZD caused complete suppression at 1 μg/ml in the absence of BMP4 (-BMP/FZD), and at 3 μg/ml in the presence of BMP4 (+BMP/FZD), in accord with previous observations (Lindsley et al., 2006) . [Note that F -P + progeny derived from BMP4-untreated or NOG-treated embryoid bodies (EBs) are indicated with N + hereafter to distinguish them from progeny derived from BMP4-treated EBs.]
To determine the types of mesodermal progeny generated in the presence or absence of BMP4, the expression of T (Rashbass et al., 1991; Wilkinson et al., 1990) , a marker of primitive streak and early mesoderm; Mesp1 (Saga et al., 1996) , a marker of posterior primitive streak and early mesoderm; and Mox1/Meox1 (Candia et al., 1992; Mankoo et al., 2003) ; and Tbx6 (Chapman et al., 1996; Chapman and Papaioannou, 1998) , markers of paraxial mesoderm, was investigated by real-time RT-PCR during the first 5 days of differentiation of E14 (Fig. 1C) and Rosa26 (S. Fig. 1C ) ES cells. Commonly, expression of Tand its target gene Tbx6 was independent of BMP4 (black, red), Meox1 was induced only in the absence of BMP4 (black) and Mesp1 only in its presence (red). These data therefore suggest that some paraxial mesoderm is preferentially generated in the presence of a very low or absent BMP activity, correlating with the genesis of cells displaying the N + F -P + phenotype (Figs. 1A and B, -BMP/Fc, ±BMP/NOG, -BMP/None). Inhibition of Wnt signaling with FZD at 1 μg/ml in the absence of BMP4 (Fig. 1C, blue) almost completely suppressed the expression of T, Tbx6, and Meox1, while in BMP4-treated cultures, T and Tbx6 expression disappeared only with 3 μg/ml FZD (green). Interestingly, T, Tbx6, and Mesp1 mRNAs appeared approximately 1 day earlier in the presence of BMP4 (red), an effect that was reversed with 1 μg/ml FZD (yellow).
These results indicate that specification of mesoderm during ES cell differentiation in the presence or absence of BMP4 in a KSR-based serum-free medium involves endogenous WNT activity; activation of both WNT and BMP signaling is likely to specify F + hemogenic mesoderm and potentially other lateral plate/extraembryonic mesoderm, and activation of WNT but not BMP signaling leads to preferential specification of paraxial mesoderm.
Identification and isolation of somitic mesoderm-like cells using PDGFRα, FLK1, and CDH2 markers
To characterize Meox1-expressing paraxial mesoderm, the N -F -P -, N + F -P -, and N + F -P + cell populations derived from Day 3.7-4.7 EBs generated in KSR medium without BMP4 were individually isolated by fluorescence-activated cell sorting (FACS) (gates 2, 3 and 4, respectively, Fig. 2A , -BMP), and then subjected to transcriptional profiling analysis. As a control, F -P -, F -P + , F + P + , and F + P -cell populations generated with active BMP and WNTsignaling were isolated from BMP4-treated EBs as described (Nakayama et al., 2003) (Fig. 2A , + BMP, gates 6, 7, 8, and 9). Strikingly, transcripts marking somite and the anterior tip of presomitic mesoderm, such as Paraxis/Tcf15 (Burgess et al., 1995 (Burgess et al., , 1996 , Uncx4.1 (Mansouri et al., 1997; Neidhardt et al., 1997) , Tbx18 (Kraus et al., 2001) , and Mesp2 (Saga et al., 1997) and those marking differentiating somite and sclerotome, such as Pax1 (Deutsch et al., 1988) and Meox1, were restricted to the N + F -P + fraction from BMP4-untreated EBs (Fig. 2B , and S. Figs. 2A and 3A, lane 3) and were not detected in fractions derived from BMP4-treated EBs. In contrast, consistent with the results of previous bioassays (Nakayama et al., 2003; Sakurai et al., 2006) , transcripts of Hand2 (Srivastava et al., 1997) and Foxf1a (Mahlapuu et al., 2001; Peterson et al., 1997) , marker genes for lateral plate and extraembryonic mesoderm, were enriched in the F -P + and F + P + fractions from BMP4-treated EBs (Fig. 2C , lanes 7 and 8). In addition, genes expressed in hemangioblasts and primitive hematopoietic and endothelial cells, which are derivatives of lateral plate/extraembryonic mesoderm, e.g., Scl/Tal1 (Elefanty et al., 1999; Chung et al., 2002) , Cdh5 (Breier et al., 1996; Nishikawa et al., 1998a,b) , Cd34 (Young et al., 1995; Wood et al., 1997) (Fig. 2C , and S. Figs. 2A and 3B), Ikzf1 (Ikaros), Hhex, Tie2/Tek (Angiopoietin-1 receptor), and Flt1 (VEGF receptor-1) (Supplemental Table 2 or S.  Table 2 ), were present exclusively in the F + P -fraction (lane 9) from BMP4-treated EBs.
Collectively, this transcriptional profiling analysis suggests that P + progeny (i.e., N + F -P + cells) generated by Days 3.7-4.7 of differentiation with WNT but not BMP signaling are enriched for cells specified to somitic and/or rostral presomitic mesoderm, and F + and P + progeny generated by a combination of WNT and BMP signaling are enriched for cells specified to lateral plate and/or extraembryonic mesoderm.
In vitro chondrogenic, osteogenic, and myogenic activities of the isolated somitic mesoderm-like cells
To test the hypothesis that the N + F -P + cell fraction is enriched in cells specified to somitic/rostral presomitic mesoderm, these cells were subjected to pellet micromass culture and their capacity to generate chondrocytes determined. The N + F -P + cells formed more cartilagematrix-containing particles in the presence of TGFβ3 than in its absence (Fig. 3A, left) . However, the same cells failed to develop lymphoid or erythro-myeloid progenitors on OP9 cells (data not shown), therein resembling F -P + cells derived from BMP4-treated EBs (Nakayama et al., 2003) . Furthermore, comparison of the chondrogenic potential of the N -F -P -, N + F -P -, and N + F -P + fractions using a two-dimensional (2D)-micromass culture assay revealed that the N + F -P + fraction contained the most chondrocyte precursors as determined by Alcian blue-stained matrix deposition in response to TGFβ3 (Fig. 3A , right). The N + F -P + cells were also able to proliferate in 2DIF medium and, when transferred to the osteoinductive medium (BOM), deposited higher levels of mineral than the N + F -P -cells, suggesting that the N + F -P + EB cells contained or generated osteoblastlike cells (Fig. 3B ). During the 2D-micromass culture in the absence of TGFβ3, the N + F -P + population also gave rise to clusters of spindle-shaped skeletomyocyte-like cells, visualized with the skeletal myosin antibody (Fig. 3C) , and selfbeating cardiomyocyte-like cells, stained with an antibody to cardiac β-myosin (data not shown). These findings suggested that the N + F -P + cell fraction is also enriched for myogenic activity, consistent in part with previous observations (Sakurai et al., 2008; Darabi et al., 2008) . Thus, in support of our hypothesis, these data indicate that the N + F -P + cell fraction is enriched in (precursors of) osteochondrogenic and myogenic cells.
Depending on the dose and the presence of BMPinhibitor exogenous WNT3a specifies different mesoderm in chemically defined medium
To further investigate the role of WNTs on chondrogenic mesoderm specification during ES cell differentiation, we determined the optimal strength of WNT signaling using modified Johansson and Wild's chemically defined medium (CDM), in which mesoderm formation, i.e., T + cell genesis, became dependent on exogenous WNT3a.
In contrast to differentiation in the KSR medium, no F + progeny and very few P + progeny were generated in the first 5-6 days of differentiation in the absence of exogenous factors in CDM (Fig. 4A , None), and the T transcript was barely detectable (Fig. 4B , lane 2). However, lateral plate/ extraembryonic mesoderm specification occurred when WNT3a was added to a concentration of more than 10 ng/ml, as assessed by the appearance of Mesp1, Hand2 (data not shown), and Foxf1a (Fig. 4B , lane 6/W, and Fig. 4C , purple) transcripts. The levels of transcripts reached a plateau at 50 to 100 ng/ml WNT3a. Tal1 expression was also induced (Fig. 4C, purple) , suggesting the genesis of hemoangiogenic cells, and the level continued to increase, even at 200 ng/ml (data not shown). In parallel, WNT3a induced the generation of F -P + cells and to a lesser extent F + P -cells from ES cells (20-30 and 3-5% of total EB cells, respectively, Fig. 4A , W).
However, the expression of somitic/rostral presomitic mesoderm genes such as Meox1 and Uncx4.1 was never detected in the presence of 5-250 ng/ml of WNT3a (Fig. 4B , lane 6/W, and Fig. 4C , purple). In contrast, expression of the marker genes for anterior primitive streak, node, and axial mes(end)oderm, such as Foxa2/Hnf3b (Monaghan et al., 1993; Ang et al., 1993; Sasaki and Hogan, 1993) and Chordin (Chrd) (Bachiller et al., 2000) , showed a bell-shaped response to WNT3a in the concentration range 2-10 ng/ml, with the peak at about 5 ng/ml, consistent with the previous were sorted into F -P -(gate 6), F -P + (gate 7), F + P + (gate 8), and F + P -(gate 9). Profiles are representative of at least 10 independent experiments. (B) Expression of the typical somitic/rostral presomitic mesoderm genes Meox1, Tcf15, Tbx18, Uncx4.1, and Mesp2 in each fraction. (C) Expression of Hand2 and Foxf1a representing lateral plate/extraembryonic mesoderm, and Cdh5 and Tal1 representing their hemoangiogenic derivatives. Real-time RT-PCR showed very similar patterns (gene symbols in bold, S. Fig. 3 ). Data are the normalized relative expression level for microarray with standard error (SE) shown as thin vertical lines. The sample/lane number matches the gate number, except that 1 and 5 represent unsorted EB cells generated without and with BMP4, respectively (white bars). observation ( Fig. 4C, purple) (Nostro et al., 2008) . WNT3a above 10 ng/ml was somewhat inhibitory. Therefore, during the first 5 days of ES cell differentiation, a low concentration of WNT3a preferentially specifies axial mes(end)oderm and a higher concentration promotes lateral plate/extraembryonic mesoderm specification.
Exogenous WNT3a required the presence of BMP-inhibitor NOG to stimulate expression of genes representing somitic/ rostral presomitic mesoderm such as Tcf15, Tbx18 (data not shown), Meox1, and Uncx4.1 (Fig. 4B , lane 7/WN, and Fig. 4C , orange) in a dose-dependent manner; however, the lateral plate/extraembryonic mesoderm markers Hand2 (data not shown) and Foxf1a were not detected in the presence of NOG. The dose of WNT3a required was similar to that for lateral plate/extraembryonic mesoderm specification. In the presence of NOG, WNT3a consistently induced the generation of F -P + cells from ES cells (Fig. 5A, WN) . However, axial mes(end)oderm marker gene expression lost the bell-shaped response to WNT3a (Fig. 4C, orange) . The expression levels reached a plateau at about 5-10 ng/ml WNT3a and did not decrease at concentrations of up to 250 ng/ml, indicating that WNT3a specification of axial mes (end)oderm is actively inhibited by endogenous BMP functions when WNT3a is provided at a high concentration. Exogenous BMP4 induced somewhat lower levels of F -P + cells than WNT3a (Fig. 4A) , and a similar set of genes to WNT3a (Fig. 4B) . Stimulation by either BMP4 (Fig. 4B , lane 4/B) or WNT3a (lane 6/W) induced the expression of T and Tbx6, a response similar to that of lateral plate/extraembryonic mesoderm genes. Suppression by FZD (Fig. 4B , lane 5/BF) of all signals stimulated with BMP4 supported the idea that WNT signaling is essential. However, WNT3a stimulation of T and Tbx6 gene expression was resistant to NOG (Fig. 4B , lane 7/WN), suggesting that BMP signaling is not essential. These observations are consistent with those with the use of KSR medium (Fig. 1C) . Interestingly, the response to the addition of BMP4 and WNT3a together was similar to that for BMP4 alone (Fig. 4A , BW, and Fig. 4B , lane 8/BW).
Development of chondrogenic mesoderm in a chemically defined medium corresponds to somitic mesoderm specification
The F -P + chondrogenic mesoderm was derived from ES cells in KSR-based serum-free medium, dependent on endogenous WNT activity (Fig. 3) . Therefore, we determined whether the F -P + mesoderm induced with an optimal concentration of WNT3a in CDM of 100 ng/ml was similarly chondrogenic.
ES cells were differentiated in CDM in the presence of BMP4, WNT3a, or WNT3a and NOG. Then, P + and/or F + EB cell fractions were sorted and subjected to real-time RT-PCR analysis (Fig. 5 ) and 2D-micromass culture (Fig. 6) . In all cases, the major differentiated cell populations were F -P + (Fig. 5A , B2,W2,and WN2) and the very small, minor fractions were F + P + cells (B3 and W3) or F + P -cells (B4 and W4) cogenerated in the presence of BMP4 and WNT3a, respectively. Like the F + and P + progeny generated in the KSR medium, these cells were both N + and T + , as confirmed with GFP-Bry ES cells (S. Fig. 5A ), and the expression of mesoderm genes was invariably confined to the F + or P + cell fractions (Fig. 5B ). For example, in the presence of WNT3a alone, cells expressing lateral plate/ extraembryonic mesoderm genes such as Hand2 (data not shown) and Foxf1a were enriched in the F -P + fraction (W2), although the expression was more widely distributed among F + and P + progeny generated in the presence of BMP4 (B2-B4). Similarly, ES cell progeny of the same surface phenotype (F -P + ) but generated in the presence of WNT3a and NOG (Fig. 5A , WN2) were enriched in cells expressing somitic/rostral presomitic mesoderm genes such as Meox1 (data not shown), Tcf15, and Uncx4.1 (Fig. 5B, WN2 ). Among F -P + cells, the level of Tcf15 mRNA was highest and that of Foxf1a mRNA was lowest in those derived from WNT3a plus NOG-treated EBs (Fig. 5C, WN2 ). Tal1 expression, a sign of hemoangiogenic mesoderm formation, was confined to the F + P -fraction (Fig. 5B, B4 and W4) . Thus, the transcript profiles in the EB cell fractions generated in either CDM or KSR medium appear to be similar (Fig. 2) . [Note that F -P + progeny derived from WNT3a + NOG-treated EBs are indicated with N + hereafter to distinguish them from progeny derived from BMP4-or WNT3a-treated EBs.] Consistent with the gene expression profiles, none of the sorted (N + )F -P + (B2,W2,and WN2) cells showed hemogenic activity on OP9 cells (data not shown), although they were capable of generating spontaneously beating cardiomyocytelike cells expressing cardiac β-myosin (Fig. 6, row 3) . The F + P -cell fraction generated at low levels in the presence of WNT3a (Fig. 5A, W4 ) displayed a high degree of lymphohemogenic potential on OP9 cells (data not shown). These biological activities enriched in the F -P + and F + P -cell fractions from CDM are thus similar to those in the corresponding progeny generated in KSR medium (Figs. 2 and 3) (Nakayama et al., 2003) . However, the chondrogenic activity commonly enriched in the F -P + cell fraction was differentially generated (E14 cells: Fig. 6A , rows 1, 2 and 4; EBRTcH cells: S. Fig. 5C , left 2 panels). Both 2D-micromass culture and pellet culture demonstrated that cartilage nodule-forming activity was generated from ES cells specifically with WNT3a and NOG and correlated with the accumulation of somitic mesoderm-like cells (Fig. 6A,  WN2 ). In contrast, no appreciable chondrogenic activity was generated with WNT3a or BMP4 when lateral plate/ extraembryonic mesoderm-like cells accumulated (Fig. 6A,  W2 and B2). To confirm that the chondrogenic N + F -P + cells are mesodermal (T + cells), the GFP-Bry ES cells were differentiated in CDM in the presence of WNT3 and NOG (Fig. 6B) . Chondrogenesis assay by 2D-micromass culture, performed using the sorted T/GFP + (F -)P + and T + (F -)P -EB cells (orange and blue squares, respectively), demonstrated that the robust chondrogenic activity was associated with the Figure 6 Chondrogenic activity is preferentially found in the F -P + cell fraction generated in the presence of WNT3a and NOG. (A) The E14 ES cells were differentiated in CDM and EB cell fractions were collected by cell sorting, as in Fig. 5A . (Rows 1-3 ) The F -P -fractions (B1, W1, WN1) and (N + )F -P + fractions (B2, W2, WN2) were each subjected to 2D micromass culture for 12 to 14 days in 2DFP with (+) or without (-) TGFβ3. The micromass was fixed and stained with Alcian Blue to visualize cartilage nodules (dark field view panels in rows 1 and 2) or with Alcian Blue then F36.5B9 to detect cardiomyocytes (row 3). (Row 4) Some of the B2, W2, and WN2 cell-derived (+) micromass cultures were transferred to pellet culture in the presence of TGFβ3. Seven to 8 days later, pellets were Zn-formalin fixed, paraffin-embedded, sectioned, and subjected to metachromatic staining with Toluidine blue. (B) The GFP-Bry ES cells were differentiated in CDM in the presence of WNT3a and NOG (WN), and the T(GFP) + P + fraction (orange square) and T + P -fraction (blue square) were collected by cell sorting (top panel). The sorted T + P + and T + P -fractions were each subjected to 2D micromass culture for 12 to 14 days in 2DFP with (+) TGFβ3. The micromass was fixed and stained with Alcian Blue to visualize cartilage nodules (dark field view). T + P + cell fraction. Thus, during ES cell differentiation in CDM, the appearance of chondrogenic activity was strongly associated with N + F -P + somitic/rostral presomitic mesoderm specification, which requires WNT3a and NOG, but not with F -P + lateral plate/extraembryonic mesoderm specification, which requires either WNT3a or BMP4.
Either BMP4 or WNT3a stimulates WNT and BMP signaling, potentially through enhancing endogenous production of WNT and BMP activities, respectively
As judged by in vitro developmental potential, FLK1/PDGFRα expression profiles, and gene expression profiles, lateral plate/extraembryonic mesoderm specification by either exogenous BMP4 or WNT3a during ES cell differentiation involved both WNT and BMP signaling, regardless of the type of serum-free medium used (Figs. 1, 4 , and 5). Furthermore, somitic/rostral presomitic mesoderm specification was dependent on silencing of the endogenous BMP functions, especially when an optimized level of WNT3a was provided in CDM (Figs. 1, 4 , and 5). One explanation for these phenomena is that exogenous BMP4 and WNT3a induce production of active WNTs and BMPs, respectively, from differentiating ES cells in either medium used. This possibility was investigated further.
During ES cell differentiation in KSR-based serum-free medium, exogenous BMP4 caused a significant upregulation of Wnt5a (Figs. 7C and D, and S. Fig. 1C, red) and Wnt4 (S. Fig. 2C , lane 5) mRNAs and a more modest upregulation of Wnt2, Wnt5b, and Wnt11 mRNAs (data not shown). In addition, BMP4 suppressed the level of transcription of the soluble Wnt inhibitor genes, Sfrp1 (Fig. 7C, red) and Sfrp2 (data not shown). Consistent with this observation, BMP4 induction of Wnt5a expression (Fig. 7B) , and Wnt3 expression to a lesser degree (data not shown), was also observed during ES cell differentiation in CDM.
On the other hand, exogenous WNT3a was found to elevate expression of Bmp2, Bmp4, and other Bmp transcripts during ES cell differentiation either in KSR medium or in CDM (Fig. 7 and S. Fig. 2C ). For example, the Bmp4 transcripts were induced from Days 3 to 4 of differentiation in the presence of WNT3a. WNT3a also caused an increase in the mRNA level of Wnt5a, resembling the effect of exogenous BMP4 (Figs. 7A, B, and D) . The expression levels of both Bmp4 and Wnt5a genes correlated positively with the concentration of WNT3a (Fig. 7A, purple) , which was counteracted by addition of NOG (orange). Figure 8 Differentiation of the WNT-dependent mesoderm specification process by BMP signaling. (WNT + BMP) Activation of BMP signaling (red BMP in square) or WNT signaling (orange WNT in square) from Day 2 leads to specification of lateral plate mesoderm (LPM) and/or extraembryonic mesoderm (ExM) displaying cardiomyogenic (CM, red arrows), and hemogenic mesoderm (H, orange arrows). Increased levels of Bmp and Wnt transcripts in cells already specified to LPM/ExM/H may provide active BMPs and WNTs that together facilitate the LPM/ExM specification process (black thin arrows). (WNT-BMP) Activation of WNT signaling (green WNT in square) without BMP signaling (blue NOG in square) leads to axial mesoderm and/or axial mesendoderm (AME) specification as well as somitic mesoderm and/or rostral presomitic mesoderm (PSM) specification (blue arrows). Axial mes(end)oderm specification requires less that 5% of the concentration of WNT3a (WNT low ) required for specification of other mesoderm. With a higher concentration of WNT3a, NOG is required to suppress coactivation of BMP signaling. Developmental potentials toward chondrocytes (C), endothelial cells (ET), osteoblasts (OB), and skeletal myocytes (SM) are also indicated.
These results support the predicted model: mutual stimulation of ligand production would be the key mechanism, leading to the phenomenon in which exogenous BMP4 or WNT3a alone induces differentiation events that depend on both BMP and WNT signaling from ES cells in either serumfree medium.
Discussion
During the first 5 days of ES cell differentiation, (1) WNT signaling under conditions of suppressed BMP signaling stimulated the generation of cells with robust osteochondrogenic and myogenic activities expressing somitic/rostral presomitic mesoderm genes (Fig. 8E, blue arrows) , (2) WNT signaling together with BMP signaling stimulated the production of (cardio)myogenic cells expressing lateral plate/extraembryonic mesoderm genes (Figs. 8A-C, orange and red arrows), (3) stronger WNT signaling is required for lateral plate/extraembryonic and somitic/rostral presomitic mesoderm specification than for axial mes(end)oderm specification, and (4) there is a positive cross talk relation between Bmp and Wnt expression mechanisms during ES cell differentiation (Figs. 8A-C, black and green thin arrows), so that stimulation by either BMP or WNT initiates both signaling events.
We have previously reported that F -P + , F + P + , and F + P -progeny generated in the presence of BMP4 in KSR-based serum-free medium display chondrogenic activity, and that only the F + P -fraction shows hemogenic activity (Nakayama et al., 2003) . In support of the earlier finding that BMP and WNT signaling coordinately specify hematopoietic progenitors (Lengerke et al., 2008; Nostro et al., 2008) , the genesis of these progeny depended on both BMP and WNT signaling, and they expressed genes marking lateral plate/extraembryonic mesoderm, but not somitic/rostral presomitic mesoderm ( Figs. 1 and 2 ). On the other hand, in CDM, WNT3a, or BMP4 stimulated the genesis from ES cells of F -P + progeny that also expressed lateral plate/extraembryonic mesoderm genes in a similar way that depended on both WNT and BMP signaling (Figs. 4 and 5) . When BMP signaling was kept at low levels (e.g., in the absence of BMP4 in the KSR medium or in the presence of WNT3a and NOG in CDM), N + F -P + progeny commonly accumulated, which were enriched in cells expressing somitic/rostral presomitic mesoderm genes (Figs. 2 and 5 ) and exerted osteochondrogenic activity (Figs. 3 and 6) , irrespective of the differentiation medium. These observations were made reproducibly with three ES cell lines examined (Fig. 6 and S. Fig. 5C ). Somitic (paraxial) mesoderm is specified in the distal part of the mouse embryo, where BMP signaling is prevented by the BMP inhibitors secreted from distal visceral endoderm and axial mes(end)oderm (Bachiller et al., 2000; Loebel et al., 2003; del Barco Barrantes et al., 2003) . The lack of BMP signaling through BMPR1A during gastrulation in the mouse results in ectopic somite formation and concomitant loss of lateral plate mesoderm (Miura et al., 2006) . Maintenance of the somite state requires continuous BMP inhibition (Tonegawa et al., 1997; Tonegawa and Takahashi, 1998) , and BMP inhibition later stimulates the expression of Pax1 and concomitant genesis of sclerotome, i.e., osteochondrogenic mesenchymal cell derived from the ventral part of somite (Dockter, 2000; Monsoro-Burq and Le Douarin, 2000) . Since the N + F -P + chondrogenic somitic/rostral presomitic mesoderm fraction exclusively accumulates the Pax1 (S. Figs. 2A  and 3A ) and Pax9 transcripts (data not shown), and immunostaining of EBs with antibody to MEOX1 showed no distinct somite-like structures (data not shown), we suggest that continuous suppression of BMP-signaling during mesoderm specification by WNT signaling is sufficient to specify sclerotomal cells directly from ES cells.
In contrast, the genesis of chondrogenic activity from ES cells was strikingly inefficient (Fig. 6) , and the levels of F + P + and F + P -progeny were much lower in CDM plus WNT3a alone, BMP4 alone, or WNT3a and BMP4 (Figs. 4 and 5 ) than in KSR medium plus BMP4 (Figs. 1-3 , and Nakayama et al., 2003) . These data suggest that nonchondrogenic lateral plate mesoderm is specified preferentially in CDM when BMP and WNTsignaling are activated, and/or that CDM lacks the ability to support maturation of the specified (early) lateral plate mesoderm to become chondrogenic. For example, an additional signaling mechanism essential for the genesis of (F + ) lateral mesoderm-derived chondrogenic cells may not have been activated. As in the recent reports (Nostro et al., 2008; Takenaga et al., 2007) , the major candidate for the unidentified signaling could be the pathway activated by Activin, Nodal, or Nodal-related molecules. In this regard, it is worth noting that KSR contains undefined proprietary components (patent PCT/US98/00467; WO98/30679). Therefore, as it supports endogenous WNT production, KSR may also stimulate other signaling mechanisms. BMP signaling seems to impose posterior-proximal positional identity (Loebel et al., 2003; Gadue et al., 2006) and/or lateral identity (Miura et al., 2006; Tonegawa et al., 1997; Tonegawa and Takahashi, 1998) in EB cells, a possibility supported by our microarray analysis of sorted cell fractions (S. Fig. 4) . Therefore, BMP's positional effects may be exaggerated in CDM, leading to a narrow spectrum of cell types to be specified by WNTs. Furthermore, lack of endoderm involvement may account for the inefficient specification of chondrogenic lateral mesoderm by WNT3a or BMP4 in CDM. In support of this suggestion, transcription of the early endoderm marker, Goosecoid (Gsc), and the primitive/ definitive endoderm marker, Sox17, was induced in CDM by a low concentration of WNT3a (5 ng/ml) or by a higher concentration of WNT3a (50-100 ng/ml used for generating mesoderm) with NOG (S. Fig. 5B ). BMP4 alone showed very little induction of Gsc or Sox17 (data not shown).
FACS separation of EB cells with a combination of cell surface markers such as CDH2, FLK1, and PDGFRα was useful for the simultaneous identification and isolation of different types of progeny. Microarray (S. Fig. 2 and S. Table 2 ) and real-time RT-PCR analyses (S. Fig. 3 ) have indicated that the N + F -P -fraction (lane 4), obtained at the same time with the N + F -P + somitic/rostral presomitic mesoderm (lane 3), uniquely exhibits features of neural progenitors, expressing Sox1, Pax6, and other neural transcripts. On the other hand, the N -F -P -cells (lane 2) were enriched in the ES cell transcripts, Pou5f1, Zfp42/Rex1, and Nanog, but the presence of the epiblast transcript, Fgf5, suggested some contamination with epiblasts. These results were reproduced with more than one ES cell line tested (S. Fig. 3) .
Direct mRNA analyses have indicated that exogenous WNT3a induces BMP production, which in turn induces Wnt expression, and that BMP4 induces WNT production that leads to Bmp expression ( Fig. 7 and S. Fig. 1C ). These results strongly suggest a cross talk relation between Bmp and Wnt expression mechanisms during ES cell differentiation. We have proposed two mechanisms to explain these phenomena: one based on a simple positive feed back mechanism (Fig. 8, thin black arrows) , and the second assuming transcriptional cross talk between Wnts and Bmps, in that WNTs induce Bmp expression and vise versa (thin green arrow). The first model depends on differentiation, which is initiated by either exogenous WNTs or BMPs, and the supply of both WNTs and BMPs by differentiated progeny. In support, transcripts of various Bmp and Wnt genes (Bmps 2, 4, 5 and 6, and Wnts 4 and 5a) were preferentially detected in the differentiated progeny (F + and P + cells, S. Fig. 2C ). Therefore, BMP and WNT production levels would correlate with the degree of differentiation. The second model implies that at a certain stage of differentiation, stimulation by either WNTs or BMPs leads to the cycle of reciprocal stimulation of WNT and BMP production independent of, or parallel with, the differentiation.
Functional interactions between TGFβ and Wnt signaling (von Bubnoff and Cho, 2001 ) and between BMP and Wnt signaling (Szeto and Kimelman, 2004) have been demonstrated during early zebrafish embryogenesis. Positive cross talk between BMP2/4 and Xwnt8 during ventrolateral mesoderm specification is also shown in Xenopus (Hoppler and Moon, 1998; Marom et al., 1999) . Recently, a positive Wnt-BMP interaction has been demonstrated during primitive streak formation from human ES cells (Sumi et al., 2008) . Our results suggest that a similar mechanism may be present during lateral plate and extraembryonic mesoderm specification in the mouse.
The process of WNT-induced mesoderm specification does not always involve BMP signaling. For example, BMP-sensitive somitic/rostral presomitic mesoderm specification was induced by endogenous WNTs in KSR medium in the absence of NOG (Fig. 1) . It is unclear what determines the production of BMPs and involvement of BMP signaling during the WNTinduced differentiation events. They may depend on the strength of WNT signaling. Given that the WNT3a-induced mesendoderm specification occurred in the absence of NOG only at low concentrations of WNT3a (Fig. 4C) , the BMPindependent WNT effects may be realized when WNT signaling is weak. However, this model cannot explain the NOG-independent specification of somitic/rostral presomitic mesoderm by WNT in KSR medium (Figs. 1 and 2) , since the process is expected to require stronger WNT signaling (Fig.  4C ). In contrast, the endogenous Wnt transcripts that accumulated spontaneously under this condition were Wnt7a and Wnt8a and were not the same as those induced in the presence of BMP4 (Fig. 7, and S. Figs. 1B and 2C) . Therefore, the reason may be that different WNT proteins are induced, which in turn induce different progeny expressing different levels and types of BMPs.
Thus, comparison of the effects of different factordependent differentiation culture methods has led to a better understanding of how the processes of specification of particular mesoderm and generation of specific biological activities during ES cell differentiation are regulated by extracellular factors. One of the most important outcomes of this comparative study is the notion that the response of differentiating ES cells to exogenous factors can be context (e.g., medium) dependent. This consideration is especially important in relation to the generation from human ES cells or iPS cells of clinically relevant chondrogenic cells in chemically defined/serum-free media.
Materials and methods

Cells, factors, and antibodies
Mouse E14 ES cells were obtained and cultured as described previously (Nakayama et al., 1998 (Nakayama et al., , 2003 . GFP-Bry ES cells and Rosa26 ES cells were provided by G. Keller (Toronto, Canada) and P. Soriano (Seattle, WA), respectively, and both were cultured as for the E14 ES cells. EBRTcH3 ES cells were provided by H. Niwa (Kobe, Japan) and were maintained as described (Masui et al., 2005) . Antibodies for FACS, cytokines, media and supplements, buffers and specialized tissue culture plates were generally sourced as described (Nakayama et al., 1998 (Nakayama et al., , 2000 (Nakayama et al., , 2003 . Biotin-conjugated anti-PDGFRα antibody was from eBioscience (San Diego CA), and phycoerythrin (PE)-Cy7-conjugated streptavidin was from BD Bioscience (North Ryde, Australia).
Anti-CDH2 antibody was from Santa Cruz Biotech (Santa Cruz, CA), allophycocyanin (APC)-conjugated secondary antibody was from Molecular Probes/Invitrogen (Eugene, OR), mouse anti-skeletal myosin sarcomere monoclonal antibody (clone MF20) was from Developmental Studies Hybridoma Bank (University of Iowa, Iowa), mouse antiventricular β-myosin monoclonal antibody (clone F36.5B9) was from AXXORA (Sapphire Bioscience, Crows Nest, Australia), and mouse DKK1 and FZD were from R&D. Mouse Wnt3a protein was prepared according to the published procedure (Willert et al., 2003; Davidson et al., 2007) .
Differentiation induction by the embryoid body formation method ES cells were precultured without feeder for 24 h on a fibronectin-coated plate (BD) in the KSR-based serum-free preculture medium: Iscove modified Dulbecco medium (IMDM, Sigma-Aldrich, Sydney, Australia), 15% (v/v) KSR (Invitrogen, Thornton, Australia), 2 mM GlutaMax (Invitrogen), 0.15 mM monothioglycerol (MTG, Sigma), supplemented with 1000 U/ml ESGRO (10 ng/ml leukemia inhibitory factor, Chemicon, Boronia, Australia (Nakayama et al., 2003 (Nakayama et al., , 2000 . EBs were then formed from either 5 × 10 3 single ES cells/ml in KSR-based serum-free differentiation medium (KSR medium) (Nakayama et al., 2000 (Nakayama et al., , 2003 or 1.2 × 10 4 single ES cells/ml in CDM (Johansson and Wiles, 1995; Wiles and Johansson, 1999) . The KSR-medium consisted of IMDM 15% (v/v) KSR, 2 mM GlutaMax, 100 μg/ml bovine holotransferrin (Sigma), 10 μg/ml bovine insulin (Invitrogen), 0.45 mM MTG, and 0.9% (w/v) methylcellulose (Stem Cell Technology, Vancouver, Canada). CDM was composed of IMDM:Ham's F12 (1:1), 5 mg/ml fatty acid-free bovine serum albumin (Sigma), 2% (v/v) chemically defined lipid concentrate (Invitrogen), 2 mM GlutaMax, 100 μg/ml holotransferrin, 10 μg/ml insulin, 0.45 mM MTG, 10 U/ml ESGRO (0.1 ng/ml leukemia inhibitory factor, Chemicon, Boronia, Australia), and 0.9% (w/v) methylcellulose.
Analytical scale was 3-5 ml and preparative scale was 64 ml. As specified, the medium was supplemented, usually on Day 2 of differentiation, with NOG, DKK1 and/or FZD at 0.05-3 μg/ml, WNT3a at 5-250 ng/ml, and BMP4 at 2 ng/ml (Nakayama et al., 2000) .
Flow cytometry on embryoid body cells
Immunostaining of EB cells for flow cytometry was as described (Nakayama et al., 2003) with the following modifications: anti-CDH2 antibody visualized by AlexaFluoro488 (Molecular Probes, Eugene, OR) or allophycocyanin (BD) was incorporated as indicated for fractionating EB cells; FACS analysis was performed on LSRII (BD) or FC500 (BeckmanCoulter, Gladesville, Australia); cell sorting was done with DIVA (BD) or Influx (Cytopia-BD) using the 4-way cell-sorting capability, and viable single cells were gated using FluoroGold (Invitrogen-Molecular Probes) or propidium iodide (Sigma). Sorted cells ranged in purity from 91 to 97%.
Chondrogenesis and myogenesis assays
Pellet-and 2D-micromass cultures for the primary chondrogenesis assays were as described (Nakayama et al., 2003) with minor changes; the 2D-micromass medium was supplemented either with 1% (v/v) fetal bovine serum (FCS, Hyclone, Logan UT) and 40 ng/ml PDGF-BB (2DFP) or with 2% (v/v) FCS (2DFCS). TGFβ3 (R&D) was added at 10 ng/ml, and cultures were maintained for 12-14 days. For histological confirmation of chondrocyte formation, the cell mass was scraped on Day 10 and transferred to a tube for pellet-micromass culture for 7-8 days. A 2D-micromass culture without TGFβ3 was used for the myogenesis assay.
The 2D-micromass cultures were washed once, fixed with 10% (v/v) buffered Zn-formalin (Shandon/Thermo, Waltham MA), and stained first with 1% (w/v) Alcian Blue pH 1.0 (Nakayama et al., 2003) . Cells were then immunostained with MF20 or F36.5B9 and color developed with metalenhanced DAB (Pierce, Rockford, IL) or Fast Red TR/AS-MX (Pierce). The pellet culture was fixed with Zn-formalin, paraffin-embedded, sectioned, and stained with 0.1% (w/v) Toluidine blue (Nakayama et al., 2003) .
Transient expansion of FACS-purified EB cells, and osteogenic assay FACS-purified EB cells were plated at 1.0-2.5 × 10 4 cells/well in a 24-well, fibronectin-coated plate and maintained in the original serum-free 2D-medium (Nakayama et al., 2003) with 50-100 ng/ml human insulin-like growth factor and 12.5-25 ng/ml human fibroblast growth factor (2DIF) at 37°C in 5% O 2 , 10% CO 2 . Osteogenesis was induced at 70-80% confluence by changing the medium to BOM: α-modified minimal essential medium (αMEM, GIBCO), 10% (v/v) FCS, 0.1 μM dexamethasone, 0.1 mM ascorbic acid-2-phosphate, 10 mM β-glycerophosphate (all from Sigma). One well for the uninduced control was maintained in SCGM: αMEM, 10% (v/v) FCS. Three to 4 weeks later, wells were washed three times with 10 mM Tris-HCl (pH 7-8), fixed with 10% (v/v) neutralbuffered formalin, and stained with 2% (w/v) Alizarin red (Sigma).
Gene-expression profiling of EB cells
Real-time PCR
Total RNAs from whole EBs and FACS-purified EB cells were purified with QIA Shredder and RNeasy Micro Kit (Qiagen, Doncaster, Australia). Reverse transcription (Nakayama et al., 1998) was followed by real-time PCR using SYBR Green PCR Master Mix or the Taqman system (Applied Biosystems, Foster City CA) and analysis with ABI7500 (Applied Biosystems). For the SYBR Green method, the primers (S. Table 1) were synthesized by Geneworks (Thebarton, Australia). Individual gene expression levels from duplicate or triplicate reactions were normalized against Eef1a1 transcript and averaged to obtain relative expression (relative expression/RT-PCR).
Microarray analysis
The EB cells in KSR-based serum-free medium were sorted for PDGFRα and FLK1 expression in the case of BMP4-treated cultures (total of four fractions), or for PDGFRα and CDH2 expression for the BMP4-untreated culture (total of three fractions). Total RNA was prepared from 10 4 cells from each of seven FACS-purified cell fractions plus two unsorted cell controls for BMP4-treated and -untreated EBs. RNA preparations were linearly amplified twice by Two-Cycle Target Labeling and Control Reagents (Affymetrix, Santa Clara CA), and hybridized to the Mouse Genome 430-2.0 Array (Affymetrix). Experiments were repeated three times. Affymetrix CEL files of all samples were background-corrected, normalized, and analyzed using default parameters of the GC-RMA method (Wu and Irizarry, 2004 ) to obtain the relative expression value (relative expression/microarray) of each gene. Data were analyzed using GeneSpring software (Agilent Technologies, Palo Alto CA). Genes that gave consistent expression levels over the three experiments (P b 0.05) were included in fraction-specific gene lists (S. Table 2 ).
